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Abstract: Experiments have been performed in the Shallow Water Wave BaSI
(Hasholm, DenmarB, on large arrays ofip to 25 heaving point absorbsmpe Wave
Energy Converters (WEGsjor a range ofgeometriclayout configurations and wave
conditions.WEC response and modificatierof the wave field are measured to provide
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datafor understanding WEC array interacticasl to evaluatearray interactiomumerical
models. EachWEC consists of a buoy with diameter of 0.315n and powelttakeoff
(PTO) is modeled by realizindriction basederergy dissipation through damping of the
WECO s mWaveé gamges are located within and around WeC array. Wave
conditions studied include regulgrolychromaticJong- and shorcrested irregular waves.
A rectilinear arrangement WEC support structures is employed such that searaly
configurations can be studieth this paper,iie experimental arrangemeartd the obtained
database are presentédso, results for vave heightattenuation downwave @ctilinear
array of 25heavingWECsare presentegfor the case oirregular waves. Upo 16.3%and
18.1% (long-crested) and 1192 and 18.% (shortcrested wavesjeductionin significant
wave height is observed dowave the WEGQarray, for the radiated wave field only and for
the combination of inciderdiffractedradiated(perturbed)wave field,respectively Using
spectra at different locations within and around the arttag wave field modifications are
presented and discussed.

Keywords: wave energy converterswave energy; wave basin experiments
WEC arrays/farms/parks; point absorber; DE#IBw water wave Basin; WECwakes project;
HYDRALAB IV EU FP7 programme

1. Introduction
1.1 WEC ArrayEffects

Commercial exploitation of wave energy will require installation of large numbers of Wave Energy
Converters (WECSs), arranged in an arfayaffarmd o r  .Arpeapowemrpduction of the array
may be smaller or larger than teemof the power produced by thequivalent number ahdividual
WECs, caused byhydrodynamic interactions that take plaoetween the WECs within an array
(so-called intra-array interaction$. As a result e.g., traditionally wave height attenuation has been
observed numerically and in scabodel tests between the WE@rray installation site and the
shoreline. These wave field changes-¢atled extraarray effects) @an influence neighbouring
activities in the sea, coastal esgstems and even the coastline and the coastal defence conditions
and parameterBoth the intraarray interactions and the exaray effects will be referred to as
AWEC array eéperectso in this

Therefore, an accurate understandinguired ofboththeintra-array interactions between WECs
in awave farmand theextra arrayeffects on the environment. With this understanding, optiviaC
arraygeometric layout can be determined, changes to wave conditions can be quantified and ultimately
the cost of energy will be reduced significaptg shown in [1]Numerical studies on both small and
large WEC arrays have already been performed, and hravedgd insight into the magnitude and
extent of WECarray effectdor idealized conditions and configurations.



Energies2014 7 703

1.2. Numerical Modellingof WEC Arrays

Several numerical methods have been employed to analyse the respomagsobfawave energy
converersto the incident wave climate and tresultingmodification of wave caditions, particularly
downwaveof such array$2i 5]. Reviews of available modelling approaches and their applications are
discussed ifi6,7].

The importance of WEC array effects and of the geometrioldyf a WEC arrays illustrated
hereusingthe example of Figure.Using the wave propagation model MILDwa§], [extraarray
effects have been modelled downwdlie WECs Resultsare presented in terms of the disturbance
coefficientKy (=Hmo/Hmo,ce, With Hrg the local significant wave heightased on the spectral density
andHmocs the wave height at the wave generation boundary). Waves are propagating from the bottom
to the top 6 Figure 1, while thefiwhite square® simulate generic wave energy convertefsthe
overtopping typavith a specific power absorption. The ex#iaay effects in the lee of the WEC array
are clearly visiblejndicated byareas of reducely values,with contour lines oKy values ranging
between 0.65 and 1.08/hen the geometric layout and the number of WECs of the WEC array change
(Figurelai d), the wave field downwave the WEC array changes as well.

Figure 1. Extraarray effects downwave WEC arrayge(ericWECs of the overtopping
type with a specific power absorption Wave height reduction downwave the WECs is
visualized by the reduction of the disturbance coeffici&qté&Hmo/Hmo,ce). WEC arrays
of: (a) 3 WECs (b) three WECs with largerlateral spacingw, between the WEGs
(c) nine WECsin rectilinear layout; (d) nine WECsn staggered layut. Results usedre

from [2].
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Figure 1ab, where a row ofhreeWECs is simulated:evealthe importance of thepacingbetween
the WECs of ararray. The resulting extrarray effectse.g.,whenthe lateral spacingy, between the
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WECsis smaller (Figure 1a) are much different compared to the-axtag effects (here, wave field
modification) downwavean array with the same number of WECs but much langbetween the
WECs (Figure 1b)Figure 1c,d, where an array of nine WECs is simulated, reveal the importance of
the geometric layut of the WECswithin an array. The resulting extearay effects, e.gdownwave a
9-WEC rectilinear array (Figure 1c) differ compared to the extray effects downwave a\WEC
staggered array (Figure ldjowever,to date,there has been very limited validation of these
numerical models using physical scale models of VdE@&ys.

1.3. Physical Modellingnvith Small WEC Arrays

In contrast to the large quantity of numerical simulations of WEC arrays and the large body of
experimental work concerning individual WE(&sg.,[9i 11]) or paiis of WECs(e.g.,[12,13]), there is
limited published data concerning either the response of BUEKSs located in arrays or the
corresponding wavkeld changes.

In the last decade, experimental measurements of the response of thetaVeeCd composed
of a large number of floatg bodies at close proximity and supported by a single strdchaeebeen
conducted and have led to construction and testing of a prototype BanWECsite near thd?ort
of Hanstholm, in Denmarklfl]. Experimental studies of arrays fofe and 12closely spaced heaving
floats have also been conducted including response to regular viaygsover output and response
in irregular waves 16] and wave spectra changes across the af@dy YVithin the UK Supergen
Marine and the EU Hydralab Il progranes, tests have been conducted of a WEC array of five
oscillating water columns interconnected by mooring lirg. [As part of the PerAWaT project
several studies of wave energy converter arrays have been conducted, both of idealized geometrie
(e.qg.,[19]) and scale models of WEC systems under development by private companies.

Real wave energy applications will demand the installation of arrays composed of large numbers of
WECs However, the perfornte studies are limited in number amdfer to small wave farms.
Thereforethere is a clear need fexperimentsith largeWEC arrays.

1.4.Needfor Experimentsvith Large WEC Arrays

Presently, no experimental studies detailifC responsge power outputand wave field
modificationsdue to an arrayare publicly availableData from large WEC arraygsoncerning the
physical modeling of intrarray interactions and extearay effects, combined with simultaneous
measurements of WEC responseve inducedforces on the WECs and of the weaconditions
are not reported in literature

Such datareessential for evaluatioof the accuracy of thesednumerical toolstheir validation,
as well as for their further development and improvem&oturate measuremestf individual WEC
responseWEC array power output and spatial variation of wave conditions in the vicinity of the array
are required to improve understanding of the fundamental processes influencing wave conditions
down and upwave of wave energy converter arrajdoreover, resus from testing various WEC
array geometric configurations will lead to the optimization of the arrapldy for real applications.
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1.5.A First Database for Larg&VECArrays, Created Duringh e A WE Cwrajéce s 0 P

Recently,as part ofthe i WE C w a kesearch project funded by the EU FP7 HYDRALAB IV
programme, experiments have been performed in the Shallow Water Wave Baia DHI
(Hasholm, Denmark) on large arrays of point absorber type WECs (@p WEC units). The research
performed within th&VECwakes project focuses on generic heaving WECSs.

A range ofWEC array geometriconfigurations and wave conditiohavebeen testedcachWEC
unit is composed of a buogesigned tdheavealong a verticakhaftonly, and can thus be modelled
as a single degree of freedom systdbn er gy absorption throafgh t
(abbreviated as PTO3ystem is modelled by realising energy dissipation throudgbtion based
damping of t he WH&Vs daugésea wsed tonmdasuevithee field withinand
around the arrays. Displacement meters are mounted on each WEC unit for the measurement of the hea
displacementThe wave induced surge force is measorefive WECs along the central line of the array

This experimental satp of 25 individual WEC units in an array layoylaced in this large wave
tank is at present the largest sgi of its kind studying the importanimpactson power absorption
and wave conditionof WEC array effects. Mo s t I mportantly, dsdhs AW
comprehensiveandis applicablenot only to WEC arrays but aldo floating structures/platforms,
stationary cylinders under wave actiat¢, for understanding oé.g.,wave impact on the cylinders
and wave field modifications around theinh e ElCWa kes 0 dat abta thereseasch ac c
community as specifiednder the HYDRALAB rules.

1.6.Paper Qrerview

A detailed overview of the design aneéxecution proceduref the experimentsand of the
WECwakes database given in Sectiog2i 4. In Section 5 experimental results are presented, for the
incident wave conditions generated during the testing programme, the effect of WEC support
structures on the wave field and the wave field modification caused by 25 heaving WECs in an array
geometric onfiguration, for both irregular longind shorcrested waveA summary of theresented
findings andhe characteristiosf the WECwakeslatdbasearepresented irsection6.

2. Experimental Setup
2.1. Characteristicof an Individual Wave Energ€onverter

The experimental arrangement is selected to attain WEC response amplitude operator (RAO)
greater than unity, and a measurable power output, whilst ensuring that the system is simpip to set
for multiple units as discussed if20]. Details o the WEC unit development,valuation and
experimental study for the preparation of the WECwakes project are presen2d 28]. The
preparatory testing of up tfour first prototype WEC units, was followed by the construction of
25 identicaWEC units,manufacturect the workshop of Ghent University.

Each WECunit comprises three main parts: (i) a hemispherical eogtadrical buoy of diameter,

D = 31.5cm, and draftdsuoy = 31.5 cm and overall height 60.0 (i) a vertical steel shaft of 40 mm
square section with a gravitgetalbase and (iii) aPTO-systembased on friction brakesomprising
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polytetrafluoroethylene materiéPTFE commonly known aé T e f Iblockscandfour linear springs

(Figure 2). The dry mass of thbuoy is m = 20.490kg andthe natural period, by decay test and
response measurement in regular wave3, s 1.176 s. The upper part of the buoy is a horizontal
polyvinylchloride (PVC) materialcover, on which the PT-Gystem is instlled and a potentiometer is
connected or t he measurement of (Rigore2. WECO6s heave di

Figure 2. (a) Definition sketch of theross section o&n individualwave energyonverter
illustrating geometry, bearingsnd power take off systemand (b) illustration of an
individual wave energy convertesithin a WECarray.
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A power take off forceFpro, is applied to thaVEC through the PT&ystemby friction brakes
between thebuoy and the supportingteel shaft The resultanwertical frictional PTO force,Fpro,
can be modelled to a reasonable accuasiygCoulomb damping23] as:

Forolt) = €Fysignz)) (1)
wheree is the coefficient of frictionfFy is the normal force developed by tfrection brakes z(t)
(upwards positive)s the time varying heave displacement of WE&C, and z(t) denotes the time

derivative ofz(t). In addition toFpro, there is also theerticalfrictional force,Fpearing, due to the shaft
bearings that are formed using the same PTFE materfal ése friction brake of the PTQsystem
Foearing IS also modelledising Coulomb dampingbut this time the normal force is taken to be the
absolute value of the surge foréguge

Focaring) = €@bSEurge € )signt () @
Net power absorptiorR, is therefore obtained as:
Ptot(t) = PPTO(t) -I'Pbearinggt) = %) I:PTO( ) &) Fbearinggsl EX- E’TC( X Fbea_hr(gg) 3)
Since surge forgeFs,ge is out of phase with the WE@elocity, z(t), power due to bearings,
Poearings (nd therefor®yy;, as well) vary substantially during each wave cycle, as presented in Figure 3.
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Figure 3. Typical measured timeariation of total power,Py: power due to constant
power take off forceRprq), Prro, andpowerdue to timevarying surge forc€Fsugd on the
bearingsPyearing: The dashed horizontal lines represent temeraged values.
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As shown in[24], results for WEC responsamplitude operator (RAGand power outputshow
reasonableagreement between measured response for individual WECs, and power output and WEC
response predicted using a linear time domain model.

2.2. Descriptionof the AWECwakes ExperimentalArrangement

Tests are performed in tH2HI Shallow Water Wave Basin. €hexperimental facility is 25.0 m
long and 35.0 m wide, with an overall depth of 0.8Ruorty-four piston type wave paddles, each of
width 0.5 m, generate waves at one end of the wave basin. The wave paddles are arranged in twi
segments of length 18.0 add m with a 20.0 cm step between the two segmEath wave paddle is
1.2 m high and 0.5 m wide, and thus the total width of the wave generator is 2Pt rBD wave
generator is designed to operate at water degghdetween 0.2 m and 0.8 m. The waenerator is
equipped with Active Wave Absorption Control System (AWACS) in order to deal with undesired
re-reflexion of waves tathe wave generatpand to allow full controbf the incident wavesA gravel
beach with alope of 1/5.5%rovides energgbsorption at the opposite end of the wave basin.

In Figure 4, a plan view ofthe general experimental arrangement in the wave basid the
configuration comprisinghe 5 x 5-WEC rectilinear array is presentedas well as the standard
locations of thavave gaugesThelateral,w, and longitudinall, (centreto-centre)spacing between the
WECs arew =1 =5D = 1.575 mwhereD is the WEC diameteiThe complexity of the tested WEC
array layouts increases gradually. The experiments start with the testing of individual WEC units at
different locations within the wave basin. Furthermore, different WEC arrays have been tested, with
various geometric corgfurations and different/increasing WEC numbers.

The wavegeneratohas a totalvidth of 22.0 m and thus, does not extend across the entire wave
basin width of 35.0 m. Vertical guide walls have been installed in order to avoid diffraction of the
generatedvaves to either side of the basin. This technique reisudts | ar ger fdef fectiv
the wave basin. Moreover, it simplifies the numerical treatment of the experimenigl sising fully
reflective boundaries for simulating the guide wallbeTdistance between the guide walls and the
outermost WECs of the 8 5-WEC array, is nearly 2% = 7.875 m, and so reflection of waves
diffracted and radiated by the array is not expected to substantially influence the findings. The guide
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walls comprise plywood panels that extend 2.0 m beyond the toe of the absorbing beach, such tha
directional waves are not reflected back to the test region.

Figure 4. Plan viewof the WECwakes experimental arrangement in D¢l wave basin

and5 x5-WEC rectilinear array Grid at 1.0 m increments, wave gauge arrangement (

andWEC positions (06) ar e i n thexcagidatthk bottdrhoé
the figuredenotes the extent of the wave paddlekile at the opposite end theave
absorbiig beach is lsown. At the sides, plywood guide walls are used. Water depth is

constantd,, = 0.70 m.
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For the installation of the WEGQnits in the wave basin support structure have been used
comprising (i) the WEC metalgravity bases 2.0 cm thick (i) the WEC steel verticathafts of
4.0 cm x 4.0 cm section as shown in Figurdaand(iii) a connecting steel frameg the top of the WEC

shafts asshown in Figure.
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Figure 5. Construction of WEGupport structureis theDHI wave basin

Two differentlayouts of thessupport structuie( fi s hsa fetnshavd beem constructéol instalt
(a) the 5 x 5-WEC rectilinear array(Figures 4 and 6) and all WEC (array) geometric configurations
composed of less than 25 WEC untdi s h a f t & )arsl {bethed ix b-WHC staggered array
(Ashaft s, fa tweiah thé dhaftsdidtvo WEC rows have been moved with an offset of
2.5D = 0.7875 m between alternagj rows of WECs(Figure 7) Each of the 25 WEC units has been
assigned a unique numbshown in Figures 6 and 7.

Figure 6. Plan view ofthe 5 x 5-WEC rectilineararray with lateral,w, and longitudinall,

spacing between the WEQe=1=5D = 1.575 mfiShaftss t e n c i | forkuppoitireg the s e d
WEC units Wave gauge arrangemer) @gndWE C posi t i ons . Théspguarasr e i nd
represent the metal bases of the WECs.uhguenumbering of the WECs is shown.
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Figure 7. Plan view of thes x 5-WEC staggered array wittateral,w, and longitudinall,

spacing between the WEQ@g=1=5D =1.575m Shldftss t e n c i | forzuppoitirgy the s e d
WEC units Wave gauge arrangemen)( and WEC positi®dhasquale®) ar e
represent the metal bases of the WECs. The unique numbering of the WECs is shown.
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3. Instrumentation
3.1. Measured Rrameters

During the A WECoasadmerssmf wave elg¢vations, WH@ave displacement and
surge forces on the WECs have beamquired simultaneouslfup to 76 simultaneously measured
parameters)A short overview is provided hereafter.

3.1.1. Measurements of @reElevations

ResistiveWaveGauges (abbreviated as WGsqwve beemised taacquirewave elevatioime series
(d(t)) at specific locationshroughoutthe wave basinA total number of 41 wave gauges have been
used, positioned arourehd at the locations of th&/EC units according to the tested/EC array
geometric configurationsMoreover, an CERC 5 wave gauge arrayo 1in
Panickel[25] is used inifont of the WEC arrays for estimating wave directionality and wave reflection.
TwoWdEipl ans o0 h a vtberougheuethe expsriendnts ( a ) AWG plBafar 10
recording the wave elevations around the WEC witsd ( b)) A WG @) foarecordingthd Fi g
wave elevations at all locations where WEC units have been installed and testeWAHETC array
configurations. F o r, allsWEC tunits and thepsupfow Gtrugislieeeven beeh 0
removedand he wave gauges of A WG thecersers ofthe WESEach ofb e e n
the4l WGsis assigned a unique number as showRigures8 and9. Also, the undisturbed wave field
has been recordeid an empty wave basinwithout any WECs or sygort structures), using both
AnWG plans 1 and 20.



Energies2014 7

Figure 8.P1 an vi ew
25 WEC positions (0) are indicate@he squares represent the metal bases of the WECs.
The unique numbering of the WGs is shown.

Figure 9.Pl an vi ew
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3.1.2.Measurementsf the Heave Displacemeat the WEC Units

l10.

The

squar

A potentiometer is attached to each WEC unit, for meastirnmgseries of thdeave displacement,
Z(t). In total,25 potentiometers have been usHte used types of potentiometers are shown in Figure 10.
The heave displacememteasurements provide information on the WEC response, as well as data for
calculating pwer absorption of the WEC units as presente@h [
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Figure 10. (a) Rotary potentiometer and) DHI Ship Movement potentiometer, used for
heave displacement measurements of the WEC units.

(b)
3.1.3.Measurementsf the Wave Inducedurge Forcen the WEC Units

The arrangement for measuring the time varyuaye inducedurge force (Figure 11Fsugdt), on
each WEC unitequires two load cells, attached both, at the top and at the hoéspectivelypf the
WEC shaft and to an auxiliary parallel axis, in the longitudinal direction of the wave basin. To
calculateFs,ge0n a WEC unit, the sum is taken of the recorded signal at the top and the bottom load cell.
Fsurgehas been measured on WEQ@H#05 (Figures 6 and 7) which are situated in the central column
of the WEC array geometric configurations, and in togad,lbad cells have been used.

Figure 11. Load cells installed at the top and at the bottom of the WEC shaft, used for
measurement of theigge forceFsurge 0N the WEC units.



